Using polarized neutron diffraction and x-ray resonant magnetic scattering (XRMS) techniques, multiple phase transitions were revealed in an underdoped, non-superconducting Eu(Fe1−xIrx)2As2 (x = 0.06) single crystal. Compared with the parent compound EuFe2As2, the tetragonal-to-orthorhombic structural phase transition and the antiferromagnetic order of the Fe 2+ moments are significantly suppressed to TS = 111 (2) K and TN,Fe = 85 (2) K by 6% Ir doping, respectively. In addition, the Eu 2+ spins order within the ab plane in the A-type antiferromagnetic structure similar to the parent compound. However, the order temperature is evidently suppressed to TN,Eu = 16.0 (5) K by Ir doping. Most strikingly, the XRMS measurements at the Ir L3 edge demonstrates that the Ir 5d states are also magnetically polarized, with the same propagation vector as the magnetic order of Fe. With TN,Ir = 12.0 (5) K, they feature a much lower onset temperature compared with TN,Fe . Our observation suggests that the magnetism of the Eu sublattice has a considerable effect on the magnetic nature of the 5d Ir dopant atoms and there exists a possible interplay between the localized Eu 2+ moments and the conduction d -electrons on the FeAs layers.
I. INTRODUCTION
Among various parent compounds of the recently discovered Fe-based superconductors, 1 EuFe 2 As 2 is a unique member of the ternary "122" AFe 2 As 2 (A = Ba, Sr, Ca, etc) family since it contains two magnetic sublattices. In a purely ionic picture, the A site is occupied by the S -state rare-earth Eu 2+ ion possessing a 4f 7 electronic configuration with an electron spin S = 7/2, corresponding to a theoretical effective magnetic moment of 7.94 µ B .
2 With decreasing temperature, EuFe 2 As 2 undergoes an antiferromagnetic spin-densitywave (SDW) transition in the Fe sublattice concomitant with a tetragonal-to-orthorhombic structural phase transition at 190 K. In addition, the localized Eu 2+ spins order in an A-type antiferromagnetic (A-AFM) structure (ferromagnetic (FM) layers ordering antiferromagnetically along the c direction) below 19 K. [3] [4] [5] Similar to other parent compounds of the iron pnictides, chemical substitution [6] [7] [8] [9] [10] or application of external pressure 11, 12 can lead to superconductivity in this system.
Recently, superconductivity was observed in 5d transition metal element doped Eu(Fe 1−x Ir x ) 2 As 2 with T SC up to~22 K. 10, 13 The magnetic ground state of the optimally doped, superconducting Eu(Fe 0.88 Ir 0.12 ) 2 As 2 was determined by our single-crystal neutron diffraction measurement.
14 Below 17 K, the Eu 2+ spins order ferromagnetically along the crystallographic c-direction. Both the structural phase transition and the SDW order of the Fe sublattice were found to be fully suppressed in the optimally doped compound with bulk superconductivity. Similar conclusions were obtained on polycrystalline Eu(Fe 0.86 Ir 0.14 ) 2 As 2 by Anand et al . based on muon spin relaxation (µSR) and neutron powder diffraction measurements. 15 However, the phase diagram describing how the magnetic order of the Eu 2+ spins is tuned by the Ir doping is still not available. In addition, although it is well established that for the iron pnictides the chemical doping suppresses the SDW order of the Fe 2+ moments in the underdoped region of their phase diagrams, the magnetic properties of the transition metal dopants themselves were not well understood so far. To the best of our knowledge, there exists only a few experimental studies about the magnetic nature of the transition metal dopants in the iron pnictides. [16] [17] [18] For instance, 3d Co in BaCo 2 As 2 does not order magnetically, 16 while spin polarization of 4d Ru and 5d Ir dopant atoms was observed by x-ray resonant magnetic scattering measurements in superconducting Ba(Fe 0.795 Ru 0.205 ) 2 As 2 and Ba(Fe 0.973 Ir 0.027 ) 2 As 2 , respectively, revealing strong coupling between the magnetism of Fe and the transition metal dopants. 17, 18 In our case of Eu(Fe 1−x Ir x ) 2 As 2 contaning both Fe and Eu magnetic sublattices, it will be more interesting to investigate the magnetism of the dopant atoms since both Fe and Eu might exert some influence on them.
Here we present the results of our x-ray resonant magnetic scattering (XRMS) and polarized neutron diffraction measurements on an underdoped, non-superconducting Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.06) single crystal, which displays multiple phase transitions. Compared with the parent compound, the tetragonal-to-orthorhombic structural phase transition and the antiferromagnetic order of the Fe 2+ moments are well seperated, significantly suppressed to T S = 111 (2) K and T N ,Fe = 85 (2) K by 6% Ir doping, respectively. In addition, the Eu 2+ spins order within the ab plane in the A-type antiferromagnetic structure similar to the parent compound, suggesting that the magnetic structure of the Eu 2+ spins starts to be tuned from AFM to FM within the intermediate Ir doping level between 6% to 12%. However, the ordering temperature is evidently suppressed to T N ,Eu = 16.0 (5) K by 6% Ir doping. Most strikingly, the XRMS measurements at the Ir L 3 edge demonstrates that the Ir 5d states are magnetically polarized with the same propagation vector as the magnetic order of Fe. With T N ,Ir = 12.0 (5) K, they feature a much lower onset temperature compared with T N ,Fe . Our observation suggests that the magnetism of the Eu sublattice has a considerable effect on the magnetic nature of the 5d Ir dopant atoms and there exists a possible interplay between the localized Eu 2+ moments and the conduction d -electrons on the FeAs layers.
II. EXPERIMENTAL DETAILS
Single crystals of Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.06) were grown from self-flux (Fe, Ir)As. The chemical composition of the crystals was determined by energy dispersive x-ray (EDX) analysis. A 3 mg platelike single crystal with dimensions2 × 2 × 0.2 mm 3 was selected for both the XRMS and polarized neutron diffraction measurements. The mosaicity of the crystal was less than 0.03°, confirming the high quality of the chosen crystal. For macroscopic characterizations, the same crystal was used.
The polarized neutron diffraction measurements were carried out on the diffuse neutron spectrometer (DNS) at Heinz Maier-Leibnitz Zentrum (MLZ), Garching (Germany). 19 The wavelength of the incident neutrons is 4.544 Å. Although the neutron absorption effect of Eu at such long wavelength is quite strong, the thin platelike shape of the chosen crystal together with the large moment size (~7 µ B ) of the Eu 2+ spins make the neutron measurements feasible 4, 14, 20, 21 The crystal was mounted on an aluminum sample holder with very tiny amount of GE varnish. The [0, 1, 0] direction of the crystal was aligned perpendicular to the horizontal scattering plane so that the (H , 0, L) reciprocal plane can be mapped out by rotating the sample. Throughout this paper, the orthorhombic notation (space group F mmm) will be used for convenience. The incident neutron spins were polarized approximately parallel to the scattering vector Q (x -polarization), since in case of multi-detectors covering a larger Q -range it is impossible to have the polarization parallel to all different Q vectors simultaneously. The scattering intensities in the spin-flip (SF) and non-spin-flip (NSF) channels were collected, respectively, to conclude about the magnetic ground state of the Eu 2+ moments. For x -polarization, the scattering cross sections for NSF and SF processes read as dσ dΩ
and
respectively, where N * N denotes the coherent nuclear scattering and I SI denotes the total spin incoherent scattering, whereas M * ⊥Y M ⊥Y and M * ⊥Z M ⊥Z are the components of the moment parallel and perpendicular to the scattering plane, respectively. The symbol ⊥ indicates that the magnetic scattering is only sensitive to the component of the moment perpendicular to Q . Therefore, using x -polarization, the magnetic and nuclear scattering can be completely seperated into the SF and NSF channel, respectively.
The XRMS measurements were performed at the Fe K edge and Ir L 3 edge at beamline I16 at the Diamond Light Source (Oxford, UK). 22 The incident radiation was linearly polarized parallel to the horizontal scattering plane (π-polarization) with the beam size of 0.2 mm (horizontal) × 0.03 mm (vertical). The magnetic reflections were probed in the π − σ ′ scattering channel in which the polarization of the diffracted beam is perpendicular to the scattering plane. The crystal was mounted on a Cu sample holder with some silver paint and then mounted in a closed-cycle cryostat on a sixcircle kappa diffractometer.
III. EXPERIMENTAL RESULTS

A. Macroscopic characterizations
Figure 1(a) and (b) show the temperature dependences of the molar specific heat and the in-plane resistivity of the Eu(Fe 0.94 Ir 0.06 ) 2 As 2 single crystal measured using a Quantum Design physical property measurement system (PPMS), respectively. Two phase transitions at 16 ± 0.5 K and 111 ± 2 K are clearly visible, corresponding to the antiferromagnetic ordering temperature of the Eu 2+ moments (T N ,Eu ) and the structural phase transition temperature (T S ), respectively, as determined by our neutron and x-ray measurements presented below. Another transition at 82 ± 1 K is also visible in the molar specific heat, as shown in the right inset of Fig. 1(a) , which is more evident in its first derivative with respect to the temperature (dC p /dT , the red solid curve). We denote this transition temperature as T N ,Fe since it coincides with the antiferromagnetic transition determined by our XRMS measurement as discussed in Section III. C. However, this transition is difficult to be resolved in the susceptibility measurement shown in Fig. 1 (c) due to small moment size of Fe and the dominant effect of the paramagnetic susceptibility of Eu above T N ,Eu . In contrast to optimally doped composition Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , Eu(Fe 0.94 Ir 0.06 ) 2 As 2 lies in the underdoped side of the phase diagram and it does not exhibit zero resistivity with temperature down to 2K. Nevertheless, a hump is observed in its resistivity curve at low temperature, which is associated with the magnetic ordering of the Eu 2+ spins. Fig. 1(c) shows the magnetic susceptibility of the Eu(Fe 0.94 Ir 0.06 ) 2 As 2 single crystal under an applied field of 0.1 T perpendicular and parallel to the c direction, respectively, measured using a Quantum Design magnetic property measurement system (MPMS). Below T N ,Eu , χ ab drops with decreasing temperature while χ c remains almost constant, suggesting an antiferromagnetic transtion below which the Eu 2+ spins might align within the ab plane. Interestingly, there is another kink around T * = 11 K in χ ab , whose origin , and (c) the molar magnetic susceptibility (χ) of the Eu(Fe0.94Ir0.06)2As2 single crystal. The magnetic susceptibility was measured in zero-field-cooling (ZFC) process with an applied field of 0.1 T perpendicular and parallel to the c direction, respectively. The dashed and dotted curves mark the antiferromagnetic ordering temperature of the Eu 2+ moments (TN,Eu ) and the structural phase transition temperature (TS ), respectively. There is another kink around T * = 11 K in χ ab , whose origin remains unclear so far.
remains unclear so far. Zapf et al . 23 proposed a spin-glasstransition scenario as a possible explanation for such a similar kink in the in-plane susceptibility of EuFe(As 1−x P x ) 2 single crystals, in which the in-plane component of the Eu 2+ moments undergo a glassy freezing at lower temperatures compared with T N ,Eu . Figure 2 (a -c) show the reciprocal space contour maps measured at T = 3.5 K obtained via polarized neutron diffraction. For the neutron polarization parallel to the scattering vector Q (x -polarization), the magnetic and nuclear scattering intensities can be completely seperated into the SF and NSF channel, as shown in Fig. 2(a) and (b) , respectively. The (0, 0, -1) and (0, 0, -3) reflections appear at the base temperature in the SF channel, indicating that magnetic order of the Eu 2+ spins in Eu(Fe 0.92 Ir 0.08 ) 2 As 2 is antiferromagnetic, similar to the case of the parent compound. In addition, no magnetic intensity is observed at the Q = (-2, 0, 0) within the experimental resolution ( Fig. 2(c) ), excluding the possibility of net ferromagnetic (FM) component of the Eu 2+ spins along the c-axis. Such a scenario was suggested by Zapf. et al . 24 14 the change of the Eu 2+ magnetic structure in the Eu(Fe 1−x Ir x ) 2 As 2 system from the Atype AFM order to the FM order is expected to occur at intermediate Ir doping level between 6% and 12%. The temperature dependence of the (0, 0, -3) magnetic reflection is shown in Fig. 2(d) . The antiferromagnetic transition temperature T N ,Eu is determined to be 16 ± 0.5 K, consistent with the values expected from the macroscopic measurements. The order parameter can be fitted to the form (T -T N ,Eu ) 2β withβ = 0.32(3), which is not precisely determined in the critical region around the magnetic phase transition so not a real "critical exponent". But it is quite close to the critical exponent of the three-dimensional Ising model (β = 0.326). The temperature dependence of an allowed Bragg reflection, (0, 0, -2), is also shown as reference.
B. Polarized neutron diffraction
as a possible intermediate magnetic state for the doped compositions between the parent compound with the Eu 2+ moments lying completely in the ab plane and high doping levels with the Eu 2+ moments ordering ferromagnetically along the c axis. Thus the Eu 2+ magnetic structure here in the Eu(Fe 0.94 Ir 0.06 ) 2 As 2 single crystal is identical to that in the parent compound and 6% Ir-substitution for Fe seems not enough to change the magnetic ground state of the Eu sublattice. Considering the FM structure determined previously in Eu(Fe 0.88 Ir 0.12 ) 2 As 2 via unpolarized neutron diffraction,
C. X-ray resonant magnetic scattering
The Eu(Fe 0.94 Ir 0.06 ) 2 As 2 single crystal was also measured using synchrotron x-ray diffraction to study its structural properties and the magnetism of the Fe sublattice. Figure 3 Fig. 3(b) , the orthorhmbic distortion δ = (a − b) / (a + b) increases monotonically below T S . T S determined here is well consistent with the anomaly shown in both the specific heat and the resistivity measurements. The abrupt occurrence of the orthorhombic splitting below T S indicates the first-order nature of the structural phase transition.
As shown in Figure 4 (a), at T = 7 K, a magnetic reflection from the Fe 2+ moments was clearly observed in the π − σ ′ scattering channel when the energy of the x-ray was tuned through the Fe K edge (E = 7.111 keV) at Q = (1, 0, 9). This signal arises from the spin-density-wave (SDW) type antiferromagnetic order of the Fe 2+ spins characterized by the propagation vector k = (1, 0, 1), similar to the one observed in the parent compound EuFe 2 As 2 by nonresonant magnetic x-ray scattering. 3 The peak is displaced from H = 1 due to the orthorhombic distortion below T S . However, this peak disappears at 100 K, as shown by the rocking-curve scans in Fig. 4(b) . The temperature dependence of the integrated intensity of the (1, 0, 9) magnetic peak normalized to the (2, 0, 10) charge reflection is plotted in Fig. 4(c) . The antiferromagnetic transition temperature of the Fe 2+ moments can be determined as T N ,Fe = 85 ± 2 K. To confirm the resonant magnetic behavior of the peak, energy scans at the Fe K edge were performed. Fig. 4(d) shows the backgroundsubtracted energy scan through the (1, 0, 9) reflection at T = 7 K. The energy spectrum here is very similar to that observed in previous XRMS measurements at the Fe K edge for SmFeAsO and BaFe 2 As 2 . 26, 27 This includes a sharp resonant feature close to the absorption threshold, whose energy is consistent with the pre-edge hump observed in the fluorescence spectrum from the sample (Fig. 4(e) ), and broad resonant features extending to energies more than 20 eV above the absorption edge. Note that the antiferromagnetic transition of the Fe 2+ moments occurs at a much lower temperature compared with the structural phase transition (T S = 111 ± 2 K), similar to the observations in Co-doped EuFe 2 As 2 and BaFe 2 As 2 in which the two transitions become well seperated with doping. 20, 28, 29 The existence of both, the structural phase transition and the Fe-SDW order in underdoped, nonsuperconducting Eu(Fe 0.94 Ir 0.06 ) 2 As 2 , is in stark contrast to the case of superconducting Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , in which both transitions are completely suppressed in favor of bulk superconductivity.
14 Furthermore, in order to probe the Ir 5d dopant states, the energy of the incident x-ray was tuned to the Ir L 3 edge (E = 11.22 keV). Interestingly, at T = 7 K, a clear peak is also present in the π − σ ′ scattering channel at Q = (1, 0, 9), as shown in Figure 5 (a). The propagation vector at which the scattering is observed is identical to that of the antiferromagnetic order of the Fe 2+ moments, suggesting that this peak most likely arises from the magnetic order of the Ir dopant atoms. Surprisingly, this peak disappears at 13 K, as shown by the rocking-curve scans in Fig. 5(b) . The temperature dependence of the integrated intensity of this peak normalized to the (2, 0, 10) charge reflection is plotted in Fig. 5(c) . Strikingly, the peak gets suppressed quickly upon heating and disapears completely above T N ,Ir = 12 ± 0.5 K, a temperature much lower than T N ,Fe = 85 ± 2 K. This is very surprising and will be discussed below. The background-subtracted energy scan shown in Fig. 5(d) confirms the resonant behavior of the (1, 0, 9) peak at the Ir L 3 edge. Below the absorption edge (determined by the white line of the fluorescence shown in Fig. 5(e) ), there is almost no intensity. When the incident x-ray energy is tuned through the edge, the intensity increases sharply. Above the edge, the intensity shows a tendency to slowly drop. The non-Lorentzian line shape observed here is very similar to that observed at the Ir L 3 edge using XRMS for superconducting Ba(Fe 1−x Ir x ) 2 As 2 . It was attributed to the interference between Ir resonant scattering and Fe nonresonant mangetic scattering. 17 By fitting to the peak profiles in Fig. 4(a) and 5(a) using Lorentzian-squared line shape, the full-width at half-maximum (FWHM) of the (1, 0, 9) peak at the Fe K edge and Ir L 3 edge are revealed to be quite similar, close to 0.002 r. l. u. (reciprocal lattice units). The correlation length (ζ) along the a axis for both Ir and Fe magnetic order can be roughly estimated as: ζ F e ≈ ζ Ir = 2/ (a * ×FWHM) = 885 Å= 160 unit cells. Therefore, the polarization of the Ir atoms is quite well correlated, with a similar correlation length as that of the Fe spins, suggesting that the Ir dopant atoms are uniformly distributed over a large length scale. 
IV. DISCUSSION AND CONCLUSION
First of all, the origin of the resonance at the Ir L 3 edge in in Eu(Fe 0.94 Ir 0.06 ) 2 As 2 needs to be understood. Note that the resonant x-ray scattering signal in the π − σ ′ channel can originate from either the spin or orbital ordering and the spin and orbital degrees of freedom are strongly coupled for 5d Ir. Therefore, possible orbital contribution from Ir to the observed (1, 0, 9) peak can't be excluded. In addition, it can also originate from some local structural distortion or preferred neighborhood around the Ir atoms, which makes the scattering amplitude of Ir anisotropic and leads to the resonant scattering at the Ir L 3 edge. Nevertheless, we speculate that it most likely results from the magnetic polarization of the Ir 5d states, due to two reasons. First, the resonant scattering set in below a relatively low temperature (1 2 K), 30 which is coincidentally close and comparable to the A-type AFM transition temperature of Eu, T N ,Eu =16 ± 0.5 K. The discrepancy between T N ,Ir and T N ,Eu is likely due to the difference of the sample-heating effect between synchrotron x-rays and neutrons. It is noteworthy to point out that T N ,Ir is determined from the synchrotron measurement and there is a strong sample-heating effect from the incident x-ray beam if no attenuators are applied in order to probe very weak effect, 31 whileT N ,Eu is determined from the neutron diffraction measurement and the sample-heating effect is negligible. Note that we only observed a single anomaly around 16 K at low temperature in the heat capacity measurement shown in Fig.1(a) and no hint for another transition around 12 K can be discernible. Second, the resonant scattering occurs at the same wave vector as is typically observed for the magnetic order in the 122 iron pnictides, with the propagation vector k = (1, 0, 1) . 4, 32, 33 For superconducting Ba(Fe 1−x Ir x ) 2 As 2 , it was proposed that the Ir 5d states may be polarized by either the local field from the Fe neighbors or by other indirect interactions between the Ir and Fe states and it was found by XRMS that the Ir magnetic order persists up to the Néel transition of the majority Fe spins. 17 In Eu(Fe 0.94 Ir 0.06 ) 2 As 2 , however, clear polarization of Ir occurs at a much lower temperature T N ,Ir = 12 ± 0.5 K compared with that of the majority Fe spins, T N ,Fe = 85 ± 2 K. Comparison between Ba(Fe 1−x Ir x ) 2 As 2 and Eu(Fe 1−x Ir x ) 2 As 2 suggests a considerable effect of the A-site ion on the magnetic nature of the 5d Ir dopant atoms. Since the XRMS at the Ir L 3 edge corresponds to the excitation of the 2 p 3/2 core electrons into the 5d valence band of Ir, which is hybridized with the 3d valence band of Fe through the chemical doping process as revealed by our previous electronic structure calculation performed on Eu(Fe 1−x Ir x ) 2 As 2 , 14 the polarization of the 5d states of Ir implies possible polarization of the Fe 3d band below T N ,Ir (≈ T N ,Eu ) induced by the magnetic order of Eu. A similar effect was revealed in a previous study on EuFe 2 (As 0.73 P 0.27 ) 2 using magnetic Compton scattering (MCS) measurements, where the magnetism of Fe is enhanced when the Eu magnetic order sets in. 34 The interplay between the localized Eu 2+ moments and the conduction d -electrons on the FeAs layers were also observed before in the Co-doped EuFe 2 As 2 based on nuclear magnetic resonance (NMR) and Mössbauer spectroscopy measurements. 35, 36 However, in the parent compound, the coupling between the Eu and Fe sublattices was found to be negligible according to previous neutron and nonresonant x-ray magnetic scattering measurements. 3, 4 This is not contradictory since it was found that the interplay between 3 d and 4 f electrons is tunable by chemical doping in the iron pnictides CeFe 1−x Co x AsO and GdFe 1−x Co x AsO. 37 In addition, compared with XRMS at the Fe K edge (1 s → 4 p), XRMS at the Ir L 3 edge is more sensitive to the change of the d-band electrons and thus can probe their interaction with the Eu 4 f electrons more effectively. Therefore we believe that we have observed the evidence for possible interplay between the Eu and Fe sublattices upon 6% Ir doping.
In addition, doping more Ir into the Fe site is able to tune the magnetic ground state of the localized Eu 2+ spins, from the A-type AFM order in Eu(Fe 0.94 Ir 0.06 ) 2 As 2 to the FM order in Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , 14 via the change of the indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction mediated by the conduction d -electrons on the FeAs layers. [38] [39] [40] In summary, we have performed the polarized neutron diffraction and x-ray resonant magnetic scattering (XRMS) measurements on a underdoped, non-superconducting Eu(Fe 1−x Ir x ) 2 As 2 (x = 0.06) single crystal and found multiple phase transitions. The tetragonal-to-orthorhombic structural phase transition and the antiferromagnetic order of the Fe 2+ moments are well seperated, significantly suppressed to T S = 111 (2) and T N ,Fe = 85 (2) K by 6% Ir doping, respectively, compared with the parent compound. In addition, the Eu 2+ spins order within the ab plane in the A-type antiferromagnetic structure similar to that in the parent compound. However, the order temperature is evidently suppressed to T N ,Eu = 16.0 (5) K by 6% Ir doping. Most strikingly, the XRMS measurements at the Ir L 3 edge demonstrates that the Ir 5d states are magnetically polarized with the same propagation vector as the magnetic order of Fe. With T N ,Ir = 12.0 (5) K, they feature a much lower onset temperature compared with T N ,Fe . Our observation suggests that the magnetism of the Eu sublattice has considerable effect on the magnetic nature of the 5d Ir dopant atoms and there exists a possible interplay between the localized Eu 2+ moments and the conduction d -electrons on the FeAs layers.
